The present study was aimed at determining and comparing the effects of Artecxin (ART), P -Alaxin (P-ALA), Lonart (LON) and Chloroquine (CQ) on oxidative stress parameters and mitochondrial membrane composition in the course of malaria infection. Six groups of five mice each categorized as healthy control (nonparasitized non-treated group), parasitized-non-treated (PnT), parasitized-chloroquine-treated (positive control), parasitized-Artecxin, -Lonart and -P-Alaxin-treated groups were used for the study. Hepatic antioxidant status was assessed with levels of malondialdehyde (MDA) and reduced glutathione (GSH) as well as activity of superoxide dismutase (SOD) and catalase (CAT) in the post mitochondrial and mitochondrial fractions. Mitochondrial membrane integrity was also evaluated with activity of succinate dehydrogenase and levels of phospholipids, cholesterol and proteins in the liver mitochondria. Results revealed that treatment of parasitized mice with the antimalarial drugs significantly (p<0.05) decreased hepatic malondialdehyde (MDA) and mitochondrial membrane phospholipids compared to parasitized untreated group. On the other hand, significantly (p<0.05) elevated succinate dehydrogenase (SDH) activity, mitochondrial membrane cholesterol level, GSH concentration, catalase (CAT) and superoxide dismutase (SOD) activity in the post mitochondrial fraction were obtained. Thus, antimalarial drugs distort mitochondrial membrane integrity and electron transfer but reduce the malaria-induced oxidative stress on the host.
INTRODUCTION
Malaria is an enormous public health problem worldwide and kills one to two million people every year, mostly children residing in Africa (Breman et al., 2004; Yoshida et al., 2010) . Furthermore, malaria is the most lethal parasitic disease in the world, annually affecting approximately 500 million people mostly in African subSaharan countries (Snow et al., 2005) . Malaria infection in humans and animals is caused by the parasite Plasmodium. Several species of Plasmodium have the ability to cause malaria in animals, including rodents. Mice infected with P. berghei and P. vinckei are considered to be a comparable genetic model to humans. There is a high degree of genomic conservation, up to 99% (Pennacchio, 2003) and it is well established that mice also exhibit natural differences in susceptibility to malarial infection (Greenberg et al., 1954) .
Oxidative stress is common among malaria patients (Egwunyenga et al., 2004) as a result of activation of the immune responses by malaria parasite; thereby, causing release of reactive oxygen species (ROS) (Kulkarni et al., 2003; Akanbi et al., 2009) . The increase in lipid peroxidation level in malaria patients and decrease in ascorbic acid and reduced glutathione (GSH) was observed to be accountable for the development of oxidative stress in malaria patients (Loria et al., 1999) . Thus, malaria infection was found to be associated with lipid peroxidation accompanying reduction in antioxidant capacity (Idonije et al., 2011) . Also, the role of the liver in the transmission process of malaria infection makes the mitochondrium a vital organelle that is likely to be critically involved in the biochemical events leading to disease onset (Chicco & Sparagna, 2007) . Altered membrane composition affects mitochondrial respiration (Ohtsuka et al., 1993) as has been implicated in a variety of human diseases including Barth syndrome, ischemia, and heart failure (Joshi et al., 2009) . Thus, it became imperative to evaluate the integrity of the liver mitochondrial membrane composition of the host mice in this study.
Malaria parasites are sensitive to oxidative damage and this is demonstrated by the efficacy of some antimalarial drugs such as Artemisinin compounds that are known to act by generation of ROS when administered clinically or experimentally (Farombi et al., 2003) . Successful chemotherapy depends largely on the ability to exploit metabolic differences between pathogens and the host (Onyesom & Agho, 2011) . The malaria parasite has developed resistance to drugs used in the therapy of malaria, except the artemisinins (Olayemi et al., 2012) .
Artemisinin Combination Therapies (ACTs) combines artemisinin derivatives with other antimalarials, including quinoline compounds, such as amodiaquine and piperaquine. The quinolines act mainly by inhibiting hematin polymerization, thus intoxicating the parasite with the ferriprotoporphyrin groups generated by haemoglobin degradation (Vennerstrom et al., 1999) . Other antimalarials used in ACTs, for example, pyrimethamine, trimethoprim, lumefantrine, proguanil, inhibit the tetrahydrofolic acid cycle and thus eliminate an important cofactor for Vol. 64, No 3/2017 485-491 https://doi.org/10.18388/abp.2016_1440
DNA synthesis. Despite the arsenal of drugs available for malaria treatment, the disease remains a worldwide public health problem. Artemisinin and its derivatives exert their antimalarial effects by production of carbon-centred radicals. However, the effects of artemisinin compounds and combinations on oxidative stress parameters and mitochondrial membrane composition have neither been evaluated nor compared to some of the older drugs used in Nigeria. Thus, overall aim of this present study was to determine and compare the effects of Artecxin (32 mg dihydroartemisinin + 320 mg piperaquine phosphate + 90 mg trimethoprim), Lonart (80 mg Artemether + 480 mg Lumefantrine), P-Alaxin (40 mg dihydroartemisinin + 320 mg piperaquine phosphate) and Chloroquine on oxidative stress parameters, succinate dehydrogenase activity and mitochondrial membrane composition in the course of malaria infection in mice.
MATERIALS AND METHODS

Drugs and Chemicals.
Artecxin (32 mg Dihydroartemisinin, 320 mg Piperaquine phosphate and 90 mg Trimethoprim) was manufactured by Chongqing Tonghe Pharmaceutical Co. LTD, Chongqing, China. P-Alaxin (40 mg Dihydroartemisinin and 320 mg Piperaquine phosphate) and Lonart (80 mg Artemether and 480 mg Lumefantrine) were manufactured by Bliss GvsPharma Ltd, India. Epinephrine, Ellman's reagent (5,5 1 -Dithiobis-2-Nitrobenzoic Acid, DTNB), Glutathione (GSH) were purchased from Sigma Aldrich Chemical Co, USA. All other chemicals were of commercially available analytical grade.
Animals Maintenance. Adult male Swiss albino mice (20-23 g) were obtained from the Animal House, College of Medicine, University of Lagos, Nigeria and were kept in well-ventilated standard plastic cages. The mice were acclimatized for a period of 2 weeks, maintained on standard mouse pellets (Pfizer Livestock Feeds, Lagos, Nigeria) and water ad libitum. All experiments were conducted without anaesthesia and the protocol was in conformity to the guidelines of the National Institute of Health (NIH publication 85-23, 1985) for laboratory animal care and use. The Animal Ethical Committee of the College of Medicine, University of Lagos, Nigeria, approved this research study.
Parasite Inoculation. The NK 65 strain of Plasmodium berghei used in this study was obtained from Dr. O. O. Aina of Malaria Research Laboratory, Department of Biochemistry, National Institute of Medical Research (NIMR), Yaba, Lagos, Nigeria. The mice were infected intra-peritoneally on the first day of the experiment with standard inoculum (1 × 10 7 Plasmodium berghei (NK-65 strain)-infected parasitized red blood cells). The animals were left for three days for incubation of the parasite which was confirmed with thick blood film stained with Giemsa stain and viewed under the microscope at ×100. Furthermore, malaria parasite infection was detected by parasite count using the formula: Parasite density (p µl) =Number of parasites counted ×8000 white blood cells)/Number of white blood cells counted. The parasite infected mice also presented symptoms of malaria including chills, fatigue/reduced activity, loss of appetite and weight loss. Animals with parasite density>10 000 p/ µl were selected for this study.
Experimental design and Treatment. Five healthy mice with zero level of parasitaemia and no symptoms of malaria infection served as control (Group 1) and received 10 ml/kg body weight of normal saline by oral intubation. Twenty five parasitized (PnT) mice were randomly divided into 5 groups of five animals each as follows: -Group 2: PnT untreated mice administered 10 ml/kg body weight of normal saline. -Group 3: PnT mice administered CQ (10.33 mg/kg body weight in normal saline). -Group 4: PnT mice administered ART (14.73 mg/kg body weight in normal saline). -Group 5: PnT mice administered LON (9.33 mg/kg body weight in normal saline). -Group 6: PnT mice administered P-ALA (18 mg/kg body weight in normal saline).
All treatments were administered by oral intubation for 3 days according to manufacturer's dosing recommendation for each drug and mice were fasted overnight before and after the last dose of drug administration. The animals were weighed just before sacrifice by cervical dislocation.
Preparation of sub-cellular fractions. Harvested livers were quickly excised, rinsed in ice-cold 1.15% KCl, blotted and weighed. They were homogenized in ice-cold 0.25 M sucrose in a potter-elvehjem homogenizer. The 5% homogenate was centrifuged at 2 600 rpm for 5 min at 4°C. The supernatant obtained was centrifuged at 13 000 rpm for 20 minutes at 4°C. The supernatant (post mitochondrial fractions) was aliquoted and stored at -80°C while the pellet (mitochondria) was washed twice at the same speed and time (Johnson & Lardy, 1967) . The washed mitochondrial pellet was re-suspended in ice-cold 0.25 M sucrose (1 µl sucrose per mitochondrial pellet from 10 mg of liver). The suspension was aliquoted in eppendorf tubes and stored at -80°C until required for use.
Biochemical assays. Protein concentrations were determined as described by Lowry et al. (1951) using bovine serum albumin as standard. Biomarkers of hepatic oxidative stress in mitochondrial and post mitochondrial fractions were determined.
Superoxide dismutase (SOD) activity was determined by its ability to inhibit the auto-oxidation of epinephrine at pH 10.2 monitored by the increase in absorbance at 480 nm as described by Misra and Fridovich (1972) . The activity of mitochondrial MnSOD was measured in the presence of 1 mM KCN, and the cytosolic Cu, Zn SOD activity was determined in the absence of KCN (Geller & Winge, 1983) . One unit of SOD activity was defined as the amount of enzyme required for 50% inhibition of the oxidation of epinephrine to adrenochrome at 480 nm min −1 . The reaction mixture (3 ml) contained 2.5 ml of 0.05 M sodium carbonate buffer pH 10.2, 0.2 ml of tissue homogenate (1:10) (containing SOD) and 0.3 ml of 0.3 mM epinephrine used to initiate the reaction. The reference cuvette contained 2.5 ml buffer, 0.3 ml of substrate (epinephrine) and 0.2 ml of water. Enzyme activity was calculated by measuring the change in absorbance at 480 nm for 5 min. Reduced glutathione (GSH) level was determined using Ellman's reagent, 5,5'-dithio-bis-2-nitrobenzoic acid (DTNB) as described by Sedlak & Lindsay (1968) and Jollow and coworkers (1974) . Briefly, 0.2 ml of sample was mixed with 1.8 ml of distilled water and 3 ml of precipitating reagent (4% sulphosalicylic acid), and the mixture was allowed to stand for 10 min. Supernatant (0.5 ml) was withdrawn and added to 4 ml of 0.1 M phosphate buffer pH 7.4 followed by 0.5 ml of Ellman's reagent. The blank was prepared with 4 ml of 0.1 M phosphate buffer pH 7.4, 0.5 ml of diluted precipitating solution and 0.5 ml of Ellman's reagent (DTNB). The absorbance was read within 20 min of colour development at 412 nm against blank using spectrophotometer. Reduced glutathione concentration was proportional to the absorbance at 412 nm.
Catalase (CAT) activity was determined as described by Sinha (1971) . 0.1 ml of sample was mixed with 4.9 ml of distilled water. The assay mixture contained 4 ml of 0.2 M H 2 O 2 and 5 ml of 0.01 M phosphate buffer in a 10 ml flat bottom flask. 1 ml of properly diluted enzyme preparation (test sample) was rapidly mixed with the reaction mixture by gentle swirling motion at room temperature. A 1 ml portion of the reaction mixture was withdrawn and blown into a test tube containing 2 ml of dichromate/acetic acid reagent at 60 secs intervals for 3 min and heated for 10 min in a boiling water. Mixture was allowed to cool and the absorbance measured with a spectrophotometer at 570 nm.
The extent of lipid peroxidation in mitochondrial and post mitochondrial fractions was determined using standard methods described by Buege & Aust (1978) . An aliquot of 0.4 ml of the test sample was mixed with 1.6 ml of Tris KCl buffer (which was first placed into the test tube before the test sample). Then 0.5 ml of 30% TCA was added followed by 0.5 ml of 0.75% TBA and the mixture was placed in a water bath for 1 h at 90-95°C and subsequently cooled in an ice bath and centrifuged at 3000 rpm for 15 min. The clear pink supernatant was collected and absorbance measured against a reference blank of distilled water at 532 nm in a spectrophotometer.
Mitochondrial membrane phospholipid concentrations were analyzed as described by Chen and coworkers (1956) by adding 0.5 ml of mitochondrial membrane to 9.5 ml of ethanol-ether and heated to 80°C. One ml of sulphuric acid in perchloric acid was added and gently heated for 45 min. Reaction mixture was cooled and 1 ml of distilled water was added and boiled for 15 sec. To 4 ml of reaction mix, 4 ml of 6 N sulphuric acid and 2.5% of ammonium molybdate were added and incubated for 2 min at 37°C. Absorbance was read spectrophotometrically at 600 nm but cholesterol level was assayed with Randox Kits.
Assay of mitochondrial succinate dehydrogenase (SDH) activity. Succinate dehydrogenase activity in isolated mitochondria was assayed by the method described by King (1967) . The reaction mixture contained 0.2 M phosphate buffer, pH 7.8 (0.375 ml), 0.045 M KCN (0.05 ml), 0.6 M succinate (0.1 ml), 0.0015 M dichlorophenolindophenol (DCIP, 0.05 ml), 0.009 M phenazinemethosulfate (PMS, 0.15 ml), distilled water (2.95 ml) in a 3 ml spectrophotometer glass cuvette. The reaction was started by the addition of 0.05 ml of mitochondrial suspension. The change in absorbance at 600 nm (∆600 nm) was recorded at one minute intervals in a Beckman DU-640 spectrophotometer. The ∆600 nm was converted to µmols succinate oxidized by multiplying ∆600 nm by 0.0476. The unit of enzyme activity was expressed as nmol succinate oxidized/ min and the specific activity as units/mg mitochondrial protein.
Statistical analysis. Data were statistically computed using GraphPadPrism 6 Software and expressed as mean ± S.E.M. Differences between mean values were further analyzed by Tukey Honest Significant Difference (Tukey's HSD) test and values of P<0.05 were considered significant.
RESULTS
Oxidative stress biomarkers in liver post mitochondrial (PMF) and mitochondrial fractions of antimalarial drugstreated P. berghei-infected mice Table 1 shows oxidative stress biomarkers in liver post mitochondrial (PMF) and mitochondrial fractions of P. berghei-infected and antimalarial drugs-treated mice. There was significant (p<0.05) reduction in PMF GSH (73%) level, catalase (64 %) and superoxide dismutase (64%) activity in PnT-non-treated mice compared to control. Treatment of PnT -non-treated mice with CQ, ART, LON and P-ALA increased PMF levels of GSH (66.5%, 150%, 128%, and 166.6%), SOD activities (73%, 98%, 66.7%, and 83%), CAT activities (61.5%, 100%, 69%, 73%), respectively compared to PnT -non-treated mice. Mitochondrial SOD activities also decreased by 72% in the PnT -non-treated mice compared to control; while the antimalarial treatments similarly increased this enzyme activity by 70, 184, 64 and 39%, respectively. On the contrary, mitochondrial and PMF levels of MDA were increased significantly (P<0.05) by 580.8 and 209%, respectively in PnT-nontreated mice. However, treatment with antimalarials decreased these levels by 71.5, 54, 70, 66% in mitochondria and 50, 55, 21.6 , and 58%, in PMF, respectively compared to PnT-untreated mice. The highest decrease caused by treatment with CQ and LON was not significantly different (p>0.05) between those two but significantly different (p>0.05) from others in the mitochondria. 
The liver mitochondrial membrane composition of antimalarial-treated P. berghei-infected mice
The composition of liver mitochondrial membranes of P. berghei-infected mice treated with ART and other antimalarial drugs were as presented in Table 2 . The amount of total protein was non-significantly (p>0.05) increased in the PnT-and CQ-treated mitochondrial membranes compared to that of healthy control mice. ART administration significantly (p<0.05) decreased the mitochondrial membrane protein concentration by 41% and 29% compared to PnT and healthy mice, respectively. Significant (p<0.05) increase was observed in the liver mitochondrial protein concentrations of LON (22%) and P-ALA (24%) compared to PnT; and 45% and 48% compared to healthy control mice, respectively. Similarly, the mitochondrial membrane cholesterol level was significantly increased (p<0.05) in LON (79%), ART (25%) and P-ALA (25%) -treated mice compared to PnT-untreated mice but not significantly (p>0.05) increased (15%) in CQ-treated mice. Mitochondrial membrane cholesterol level was also non-significantly (p>0.05) decreased (-6%) in PnT mice compared to healthy control. However, mitochondrial membrane phospholipid was significantly (p<0.05) increased in PnT (54%) compared to healthy control. There was no significant difference (p<0.05) in the liver mitochondrial membrane phospholipids level of ART, LON and P-ALA -treated mice compared to parasitized mice, whereas CQ treatment significantly (p<0.05) reduced the phospholipids to the basal level.
Activity of hepatic mitochondrial succinate dehydrogenase in the PnT untreated and antimalarial-treated mice Figure 1 depicts the pattern of activity of hepatic mitochondrial succinate dehydrogenase in the PnT untreated and antimalarial-treated mice. Activity of succinate dehydrogenase was significantly decreased (p<0.05) by not less than 80% in PnT untreated mice as compared to control. There were significant increases in succinate dehydrogenase activity of CQ-(160%), Artecxin-(100%), Lonart-(140%) and P-Alaxin-(200%) treated groups compared to PnT-untreated group.
Body weight and relative organ weight of antimalarialtreated P. berghei-infected mice
A significant (p<0.05) reduction (5.6%) of body weight of P. berghei-infected mice was obtained compared to healthy control. However, the reduction of the body weight of all the antimalarial-treated mice was not significant (p>0.05) compared to healthy control mice and not significantly different from one another but significantly different from PnT-untreated mice (Table 3) .
DISCUSSION
The mitochondria are vital organelles responsible for ATP synthesis via electron transport and oxidative phosphorylation, regulation of cell death and calcium homeostasis (Kroemer et al., 2007; Malhi et al., 2010; Cheng & Ristow, 2013) . During oxidative metabolism by the complexes I, III, or IV of the electron transport chain, reactive oxygen species (ROS) are produced when electrons prematurely reduce oxygen forming superoxide radical (Young et al., 2002; Nohl et al., 2005; Orrenius et al, 2007) . Most of the ROS generated by the mitochondrial respiratory chain (MRC) are detoxified by the mitochondrial antioxidant enzymes, such as SOD2/MnSOD, in a physiologically healthy state (Lennon et al., 1991) . In Table 2 . Assessment of liver mitochondrial membrane fluidity of P. berghei-infected mice treated with therapeutic doses of ART, CQ, LON and P-ALA. malaria infection, ROS have been demonstrated to be produced in the parasite's food vacuole during the digestion of host cell cytosol, and are able to diffuse from the parasite to the host cell compartment in erythrocyte (Atamna & Ginsburg, 1993) . These ROS formed by malaria parasites, if not checked by the host cyto-protective enzymes and antioxidants, can lead to oxidative damage thereby contributing to pathophysiology of many diseases as complications in malaria (Atamna & Ginsburg, 1993) . In this study malaria parasite infection markedly induced a state of oxidative stress in host (mice) as indicated by the significant decrease in post mitochondrial GSH level, SOD and CAT activities and increase in both mitochondrial and PMF MDA levels in parasitized nontreated mice (Table 1) . These findings are in consonance with earlier reports on the rise in MDA level indicative of lipid peroxidation in the liver of P. berghei-infected mice and depletion in host's SOD and CAT activities being important features of malaria infections (Becker et al., 2004; Gora et al., 2006) . The mechanism of parasiticidal action of artemisinin derived antimalarials is claimed to involve its reaction with iron present in the heme prosthetic group of haemoglobin, leading to the generation of free radicals (prooxidants) that in turn kill the malaria parasites (Reis et al., 2010) . It was first shown by Krungkrai & Yuthavong (1987) that free radical scavengers antagonised the in vitro antimalarial activity of artemisinin-based combination drugs and free radical generators promoted them (Krishna et al., 2004) . Subsequently, several studies on oxidants and antioxidants confirmed this relationship both in vitro and in vivo (Lavender et al., 1989; Meshnick et al., 1989; Senok et al., 1997) . Treatment of membranes with artesunate (especially in the presence of heme) was also demonstrated to cause lipid peroxidation, a typical endproduct of free radical damage (Scott et al., 1989; Wei & Sadrzadeh, 1994) . Interestingly, all the tested antimalarial treatments significantly reversed the reduced level of GSH by over 100% and other biomarkers of oxidative stress to different extents while decreasing the extent of lipid peroxidation in both mitochondrial and post mitochondrial fractions of P. berghei-infected mice. These data suggests that oxidative stress plays a pivotal role in the pathogenesis of malaria infections and mode of action of the antimalarial drugs. The difference in composition of ART and P-ALA, CQ and LON did not pose any difference on their antioxidative stress effects except in the mitochondrial MDA levels. Indeed, these reductions of oxidative stress in parasitized mice treated with the antimalarial drugs are unique because the antimalarial drugs selectively attacked the parasitized red blood cells and reduced the extent of oxidative stress generated by the pathogenesis of malaria to the host (Table 1 ) via hemeiron mediated production of free radicals through activation of endoperoxide bridge of artemisinin compounds (Hunt & Stocker, 1990) .
Maintenance of both structural integrity of the cell and spatial separation of subcellular compartments are responsibilities of cell and organelles membrane phospholipids (Zinser et al., 1991) . Many of the inner mitochondrial membrane proteins are involved in oxidative phosphorylation and their activity depends on the phospholipid composition of the membrane. Altered phospholipid composition affects mitochondrial respiration (Ohtsuka et al., 1993) as has been implicated in a variety of human diseases including Barth syndrome, ischemia, and heart failure (Chicco & Sparagna, 2007; Joshi et al., 2009; Ribas et al, 2014) . The role of the liver in the transmission process of malaria infection makes the mitochondrium a vital organelle that is not unlikely to be critically involved in the biochemical events leading to disease onset. Malaria infection seems to interfere with lipid metabolism as observed in decreased mitochondrial membrane cholesterol and elevated phospholipid in the present study. Mitochondrial membrane protein concentration was increased non-significantly (p>0.05) by about 20% in P. berghei-infected mice liver. Treatment with antimalarial drugs further increased the levels of protein and cholesterol when compared with P. berghei-infected untreated mice except in the ART-treated group in which protein concentration was significantly (p<0.05) decreased by 41%. Thus, indicating that these drugs induced cholesterol and protein synthesis in the mitochondria ( Table 2) . The increased cholesterol level and phospholipid concentration observed in ACTs-treated groups compared to healthy control could possibly be a result of stimulation of cholesterol and phospholipid production by ACTs. The increase in synthesis of these lipids in the endoplasmic reticulum might have impacted their translocation/trafficking into the inner mitochondrial membrane (Table 2) . Furthermore, the approximately 30% reduction in protein concentration caused by ART treatment compared to healthy control suggests that certain enzymatic activities relating to mitochondrial function might be adversely affected. These variations in the composition of liver mitochondrial membrane resulted in substantial adjustments in membrane cholesterolphospholipid ratio to nearly basal level ( Table 2) . The low cholesterol -phospholipid ratio in the parasitized mice indicates extremely fluid and leaky membrane that might cause permeability as well as compromised mitochondrial membrane integrity. This seems to account for the elevations in plasma activities of AST, ALP and ALT in both parasitized and antimalarial-treated mice plasma in our previous study and thus confirmed that the hepatocyte membrane integrity and permeability are compromised during malaria infection and treatment with antimalarials (Adisa et al, 2016) .
Succinate dehydrogenase (SDH) is an important mitochondrial enzyme complex that feeds electrons from the Krebs cycle into the respiratory chain (Ackrell et al., 1992 , Lancaster et al., 2008 . The activity of SDH was evaluated in this study to ascertain the resultant effects of the observed distortions in mitochondrial membrane fluidity and integrity. The decrease in succinate dehydrogenase activity observed in parasitized group could be a result of the proteolytic degradation of haemoglobin and uptake of oxygen by malaria parasite during infection resulting in decreased food transport, glycolysis, krebs cycle, oxygen tension and oxidative phosphorylation in host cells. Treatment of parasitized mice with the antimalarials ameliorated this parasitic effect (Fig. 1) . There was 100% difference in SDH activity due to effects by P-ALA when compared to ART. This huge difference (2 folds) might be attributed to the presence of trimethoprim (antibiotic) in the composition of ART which might be interfering with the synthesis of SDH via the blockage of folate metabolism. Although, Fred and Ghee (2013) in their recent report showed that some antimalarial drugs e.g. Atovaquone selectively and irreversibly inhibit mitochondrial electron transport chain and parallel processes such as ATP synthesis in malaria parasite; findings from the present study clearly showed that antimalarials such as ART while eliciting their strong anti-parasiticidal activity could also reduce electron transfer in the respiratory chain and ultimately decrease ATP synthesis by the mitochondria in the host cells. This low ATP level may result in general weakness in patients during treatment with this drug.
The significant increase in liver weight in parasitized non-treated group coincides with report by Arinola and coworkers (2005) that Plasmodium berghei infection causes hepato-and splenomegalies in infected mice model and these were attributed to increased phagocytosis of infected cells by macrophages and deposition of malarial pigment as well as activation and hyperplasia of the reticulo-endothelial system during the disease (Sowunmi, 1996) . However, the antimalarial drugs except LON could not substantially minimize the increase in liver weight probably due to the combined inductive action of the drugs on CYP450 synthesis and fatty changes (steatosis). The decrease in body weight of parasitized non-treated group could be the effects of nausea and dysgeusia (lack of appetite) associated with malaria disease. Consequently, the body cells switch to catabolic processes including proteolysis, glycogenolysis and lipolysis in the liver and peripheral tissues (e.g. muscle) in order to compensate for the hypoglycaemia and low reducing equivalents/ ATP (Onyesom & Agho, 2011) to carry on other life sustaining activities. The net result is weight loss which further corroborates the observed decrease in SDH activity particular with ART treatment. Furthermore, the amelioration of the P. berghei-induced weight loss (Table 3) by the antimalarial drugs may be attributed to the generation of free radicals by the antimalarial drugs within the parasitized red blood cells which in turn kills them and reverse all the catabolic effects associated with P. berghei infection to the basal level gradually.
ART and other ACTs distort mitochondrial membrane composition thereby perturbing mitochondrial membrane fluidity. This phenomenon affects mitochondrial function via the reduction in succinate dehydrogenase activity and ultimately ATP synthesis. In particular Artecxin seems to reduce the parasitemia-induced oxidative stress. However, its adverse effects on membrane components and SDH activity suggests it should only be recommended for antimalarial treatment in severe cases of malaria infection when life saving option far outweighs the adverse effects of this drug.
